Climate change has impacted all phenomena in the hydrologic cycle, especially extreme events.
INTRODUCTION
The investigation of local rainfall event characteristics, especially extreme ones, is a key issue in hydrologic research in different fields such as urban drainage system management and flood control strategies. Owing to climate change impacts, the intensity and frequency of extreme rainfall events are increasing. According to the fifth report of the Intergovernmental Panel on Climate Change (IPCC ), the frequency and intensity of heavy precipitation events have increased in the northern hemisphere. General circulation models (GCMs) are the primary available tools for investigating the response of the hydro-climate system to climate change impacts (IPCC ).
In Figure 1 , the spatial and temporal scale of various weather phenomena, the time and space domains of available GCM outputs and the time and space domains required in some hydrological investigations are compared.
As shown in this figure, the coarse gridding of GCM outputs cannot capture all types of mesoscale phenomena which have important influences on temporal and spatial patterns of local rainfall in small regions that are considered in flood risk or urban drainage management. For example, in terms of spatial scale, storms in urban basins (usually less than 500 km 2 carried out, downscaling methods are applied (Wilby et al.
).
Two main approaches in downscaling are dynamical (numerical) downscaling and statistical (empirical) downscaling (Benestad et al. ) . In dynamical downscaling, limitedarea regional climate models are applied and the GCM outputs are used as their initial conditions (Feser et al. ) . In the statistical downscaling (SD) methods, statistical or empirical models are used to relate the GCM outputs and local rainfall (Wilby & Dawson ) Despite the improvements in SD precipitation downscaling methods in previous studies, preserving all statistical characteristics of the observed local daily rainfall by the downscaling model is still a challenge. The previous studies cannot simulate the daily precipitation pdf for all ranges of rainfall amount without the assumption of the constant precipitation pdf for current and future climate conditions.
As estimation of extreme rainfall events is a vital issue in urban areas in planning for flood events and because of climate change impacts on the characteristics of extreme rainfall events, it is necessary to consider climate change impacts in extreme rainfall evaluation. On the other hand, the common methods used for evaluation of climate change impacts on rainfall events do not provide satisfactory results for extreme rainfall event investigation.
Therefore, the main aim of this study is to develop a downscaling model which can preserve the distribution frequency or percentile values of the observed daily precipitation for all ranges of rainfall with an emphasis on extreme events. The proposed method, synoptic-statistical downscaling model (SSDM), is based on a combination of synoptic WT of upper-level atmosphere conditions which affect the local atmosphere states, and SD models for simulating daily rainfall in each weather type. The performance of SD models is improved by applying some modifications in common methods including skewness reduction and weighted least squares (WLS). These changes have made SSDM capable of overcoming some of the reported challenges and disadvantages in the literature including reproducing extreme event frequencies, and inherent non-Gaussian statistical distribution of daily rainfall. In the proposed method, stability in relationships between predictors and local rainfall in each weather type as well as the adequacy of recognized WTs for future events are assumed. There is no assumption about the stationarity of the daily rainfall pdf in future conditions, and changes in the frequency distribution of predictors (because of climate change) can result in daily rainfall pdf changes. The proposed method is applied to an area located to the north of Tehran, the capital of Iran, as the study area. The historical flooding of this city has resulted in considerable damage to people and properties in the past. Therefore, the investigation of climate change impacts on the precipitation regime of this region with an emphasis on extreme events is of great importance.
The next section describes the proposed method in this study for rainfall downscaling, SSDM. Then, the case study and data used in the study are introduced. Next, SSDM's development for the study area is described and the results of its application are discussed. Afterwards, climate change impacts on rainfall characteristics are investigated for the study area by applying SSDM on outputs of a GCM. Finally, a summary and conclusion are given.
METHOD SSDM algorithm
There are different types of precipitation (cyclone-related, frontal or convective). Most of the precipitation types are synoptic scale phenomena. In the proposed SSDM approach, the effects of synoptic scale phenomena on the mesoscale rainfall are considered using the synoptic WT There are some standard SOM configurations used for its development including sheet, cylinder and toroid. The structure used here for SOM development is a sheet shape (matrix) of nodes with a rectangular lattice neighborhood structure.
Since in the synoptic scale studies the two dimensional variations of climatic variables is investigated, the sheet shape is used similar to previous studies such as Hewitson & Crane () and Sheridan & Lee () . The cylinder and toroid map shapes of SOM are used when three-dimensional analysis of data is considered. For the neighborhood condition in SOM map development, two cases, hexagonal and rectangular, are available, both of which are considered in this study. Due to the better performance of the rectangular neighborhood it is adopted in this study. In addition to SOM strcuture, the appropriate number of nodes in the SOM structure should be determined. Commonly, a subjective method is used for this purpose (Sheridan & Lee ) .
In many cases, different numbers of nodes are considered, and then by evaluation of the developed model's performance, the best number of nodes that results in the best model performance, is determined.
In the training procedure, each input vector is presented to the SOM and the best matching unit (BMU) is determined.
BMU is the node that has the least Euclidean distance from the input vector. Then the weighting coefficients of BMU and its neighboring nodes are modified in such a way that the distance from the input vector is minimized. The weighting (Yarnal et al. ) . Using this PI will help to quantify this relationship and makes it easier to determine CTs which result in wet and dry days which is necessary in this study. PI will help to provide the same interpretation for CTs in different cases which is very important in reproducing the study result. PI compares the mean daily precipitation for the ith CT with the climatological daily mean precipitation as shown in Equation (1):
where n i is the number of days included in the ith CT, R i is the total amount of precipitation in the ith CT and R is the total amount of precipitation received in the study region in the considered period of n days. PI values close to one show that the given CT leads to precipitation amounts around the climatological mean. PI values close to zero mean that the corresponding CT does not considerably contribute to precipitation, or the CT is unconducive to rainfall formation while PI values greater than one mean that the given CT is conducive to considerable precipitation. (a) TF of ROM submodel
(b) TF of RAM submodel
where y i is daily precipitation amount, y (4) and (5) (Ryan ) :
where y i is the observed value, f is the developed linear regression model,x is the predictor variables vector,β is the linear model parameters and n is the number of observations.
The observed daily precipitation histograms are commonly strongly skewed. The mean and the median of the precipitation data are different because the data are not normally distributed. As the majority of daily precipitation data are concentrated around the mean value, the effect of extreme rainfall amounts is underestimated in the esti- One approach to overcoming this issue is using the WLS for estimating model parameters. In WLS, the weighted sum of square errors (WSSE) is calculated as shown in Equation (6):
where w i is the weight of an observation. In the current study, weights are estimated based on data variance in each percentile.
The variance of daily rainfall amount data in each percentile is calculated as shown in Equation (7):
where δ 2 p is the variance of the observed precipitation in the pth percentile, n p is the number of observations in the pth percentile and y is the mean daily rainfall amount. Then, w p for each percentile is estimated as follows:
where w p is the initial weight of the pth percentile. This weight is used for all rainfall amounts between the pth and (p þ 1)th percentiles. For more accuracy and flexibility of the model in reproducing extreme rainfall events values, the initial weights are modified during the model training process as follows:
1. for high percentiles (above 98%) and low percentiles (below 50%) the initial weights are increased;
2. for middle percentiles (between 50 and 98%) the initial weights are decreased.
The amount of change in initial weights in each of the above-mentioned categories is determined by trial and error to provide a better model performance.
Regression models. The mathematical formulations of ROM and RAM are shown in Equations (9) and (10): For each CT, ROM and RAM submodels (ROM k and
the product of ROM and RAM as shown in Equation (11):
where
is the transformation function which downscales the large scale (mesocale) atmospheric variables to local precipitation.
CASE STUDY
The SSDM is applied for downscaling daily precipitation in an area located in the north of Tehran. The location of the study area is shown in Figure 3 . The data used for SSDM development in the study area are described below.
Data

Observed daily precipitation
In this study, the observed daily precipitation dataset pro- Figure 4 . It can be seen that it is strongly skewed. The average daily rainfall amount is 4.4 mm. According to the national urban drainage systems regulations, the drainage systems are designed based on maximum daily rainfalls with a 2-year return period. Therefore, in this study the 2-year maximum daily rainfall amount that is determined based on annual maximum daily rainfall time series, is used as the threshold of extreme rainfall events which stands at 20 mm/day for the study area.
Large-scale atmosphere variables
Large-scale atmosphere variables on a 2. In this study two-dimensional SOMs with different sizes, varying from 3 × 3 to 6 × 6 (different numbers of nodes between 9 and 36) were considered. As mentioned above, PI values far from one show that the developed CTs better distinguish between wet and dry days. Therefore, the stratification index (SI) is used to evaluate SOM model performance based on the average distance of PIs from one (see Equation (13)).
where n is the number of nodes in the SOM and PI i is the PI of the ith node of the SOM. A higher value of SI means more discrete stratification of daily precipitation. In Table 1 , the values of SI for developed SOMs with different sizes are given. According to these results, SOMs with sizes of 4 × 4, 5 × 5, 5 × 6 and 6 × 6 have higher SI values and, therefore, provide a better performance.
By increasing the number of SOM nodes, based on SI, the distinction of wet days from dry days is improved, but choosing the SOM with a bigger size means that more statistical models should be developed in the second phase of the SSDM algorithm. Hence in this study the 4 × 4 SOM size is chosen for classification of synoptic scale pressure patterns. Detected CTs and their relationship with local daily precipitation. Figure 5 shows the 16 CTs which were determined in this study by applying the SOM method.
Each CT map is drawn by averaging the 500 hPa geopotential height values of all days that belong to that CT. To investigate the contribution of CTs to daily precipitation in the study area, some statistical and subjective evaluations were done. array represent the low-pressure systems. These results indicate that days are distributed fairly over the CTs, with relative minima in the central part related to transitional patterns from high-pressure to low-pressure systems.
In Table 2 , the frequency of wet days, the proportion of total rainfall amount and frequency of extreme events within 16 CTs are presented and in Table 3 On the other hand, less than 4% of wet days and 2% of rainfall amount occur in six CTs: the CTs in the first column (from left) and the two last ones in the second column in the CT array (Table 2) . Because the number of rainy days and rainfall amount in these CTs are negligible, they can be considered unconducive situations to rainfall formation in the study area. Also, PI values of this group of CTs are smaller than those of other CTs. The rest of the CTs have PI values less than 1 which means that they lead to precipitation amounts less than the climatological mean value.
However, precipitation occasionally occurs in the study area under these CTs. Figure 7 shows the composite map of vorticity at the 500 hPa level and relative humidity at the 700 hPa level corresponding to each CT. In most rainfall-conducive CTs, the tendency to expand the upper-level atmosphere layers that results in uplift motions in the study area is detectable Figure 6 | Frequency of daily 500 hPa geopotential height patterns in identified CTs and probability of rainfall occurrences in each CT. The given value in the ith row and the jth column corresponds to CT (i, j). The given value in the ith row and the jth column corresponds to CT (i, j).
from positive vorticity that expands around the study area.
Positive vorticity and high relative humidity (above 60%) of the mid-level atmosphere result in uplift motions of wet air mass that can result in rainfall formation in the study area. On the other side, in most rainfall-unconducive CTs, where a very high-pressure zone is observed over the study area, negative vorticity and low level of humidity in the study area result in dry weather conditions. In other CTs, Figure 7 | Composite maps of the mean daily vorticity at 500 hPa and mean daily relative humidity at 700 hPa.
one of the main components of rain formation (humidity or uplift motion) is not enough, but sometimes local instabilities can result in rainfall occurrence in the study area. It can be concluded that the classification of CTs in the study area could successfully relate the synoptic scale atmospheric circulation and the local precipitation.
Phase II: local scale SD models for daily precipitation
After detecting CTs, days were categorized based on CTs and then statistical models were developed for each category to simulate daily rainfall. For each model, the first step is determining the predictors. The set of predictors considered for both statistical models of ROM and RAM development are listed in Table 4 . These variables are used at a spatial mesoscale domain (four neighbor grids around the study area as shown in Figure 3 ) and at the three levels of atmosphere including near surface, midlevel (700 hPa geopotential height) and high level Using the stepwise regression procedure, the predictor variables in ROMs and RAMs were chosen. The TFs (Box-Cox and square root) were also applied on the observed rainfall data for skewness reduction purposes; 80% of daily data were randomly selected for calibration of the models and the remaining data were used for model validation. Both ROMs and RAMs are linear models and WLS was used to determine RAMs coefficients as described above. The selected variables in each model are given in Table 5 . Even though some unconducive
CTs include a limited number of wet days, developing SD models for them with appropriate performance is impossible because of limited data. Therefore, all days corresponding to these CTs are considered dry days and are not included in Table 5 .
Daily rainfall simulation results
The comparison between some statistical characteristics of the downscaled and observed daily rainfall values for calibration and validation datasets as well as the total dataset is presented in Table 6 . The differences between mean and standard deviation of the observed and simulated rainfall amounts are less than 5% and 13%, respectively, in both calibration and validation datasets.
Although the difference between skewness of the observed and simulated rainfall amounts in the calibration dataset is small (3.3%), in the validation dataset it is considerable (about 40%). Based on this table, the differences between modeled and simulated percentages of wet days, mean daily rainfall and standard deviation of wet days' rainfall amount, considering both the calibration and validation periods, are less than 10%, which shows a good (1,2) 700 hp-Dep, 500 hp-Dep 700 hp-Rhu (4,4) 700 hp-Dep, 500 hp-Dep 500 hp-Dep, 500 hp-Rhu, 700 hp-Rhu a The predictors' descriptions are given in Table 4 . 
CLIMATE CHANGE IMPACTS EVALUATION IN THE STUDY AREA
The developed SSDM for downscaling daily rainfall was used to evaluate the probable climate change impacts on the rainfall characteristics in the near future horizon • The differences between rainfall occurrence frequencies of CTs in CCSM4 results and NCEP records, especially for most rainy CTs.
• Comparison of the Q-Q plots of the predictors developed based on the CCSM4 outputs and NCEP records in the study area.
The 500 hPa geopotential height patterns of CCSM4 simulations for the historical period and NCEP records in the synoptic scale were classified by applying the developed SOM. The frequencies of daily patterns in each CT are given in Table 7 for both NCEP and CCSM4.
The differences between frequencies of CTs in CCSM4 simulations and NCEP records are very low, especially in rainy CTs. The Q-Q plots are also used to illustrate the capability of CCSM4 in reproducing NCEP records of predictors in the study area. For example, Figure 12 shows the Q-Q plots of the vorticity and dew point depression values in mesoscale grids for both CCSM4 outputs and NCEP records. These results confirm the ability of CCSM4 for reproducing predictors in the study area at an acceptable level of accuracy. The percentiles of the downscaled daily rainfall series by applying developed SSDM on CCSM4 outputs (for the historical experiment) and NCEP records are compared in Figure 13 . The agreement between them in all percentiles is remarkable. The maximum difference is observed in the last percentile which is less than 1.5%. there is no consistent scheme. In Figure 14 , the distribution of the simulated daily rainfall for historical, RCP4.5 and RCP8.5 experiment results are compared. The results show that there is an upward trend in high frequency daily rainfall amounts (above 80%) in both future climate pathways, but in low frequency amounts, there is not any significant change. To better detect changes in future daily rainfall characteristics in the study area, the Q-Q plots of the simulated wet day amounts in historical and two future RCPs are illustrated in Figure 15 . Based on this figure, as a result of climate change, the intensity of extreme events is increasing in both RCPs and this increase is slightly more in RCP4.5.
The characteristics of wet days under climate change impacts are compared in increasing. Furthermore, the increase in the variance of daily rainfall shows the increasing possibility of extreme rainfall values. The number of extreme rainfall events in a year is also increasing under climate change impacts.
SUMMARY AND CONCLUSION
In this study, SSDM is proposed for daily rainfall downscaling that can preserve the statistical characteristics of the 
